A detailed investigation has been undertaken into the transmission mode of the matched fiber Bragg grating interrogation scheme with respect to its use in optical fiber sensor applications. Analytical and numerical models of the scheme have been developed. Experimental studies presented include the effect of the spectral characteristics of the gratings on system performance, results of strain and compression calibrations, a scheme to correct for intensity fluctuations, and the correction of temperature-induced shifts by collocating sensor and reference gratings. The results are in good agreement with a simplified model of the transmission mode. The analysis provides quantitative relationships between key sensor design parameters, such as sensitivity and measurement range as a function of grating bandwidth.
Introduction
Since their initial development, which is now over 30 years ago, fiber Bragg gratings (FBGs) have developed into a mature technology for use in both telecommunications and sensing applications [1] . With respect to measurement applications, FBG sensors benefit from many of the advantages often quoted for optical fiber sensors, including small size and weight, electrical insulating properties, and electromagnetic immunity [2] . For several applications the relative ease with which FBGs can be multiplexed is a major advantage, allowing a relatively large number of sensors to be combined with minimal wiring. FBG sensing systems are finding increased commercial application with some of the main areas of focus being in civil and aerospace engineering [2] .
Aside from the actual sensor FBG, the other main component of FBG sensing systems is the hardware used to determine the wavelength shift of the sensor FBG. Various interrogation schemes have been developed to monitor FBGs and this is an active area of research [2] [3] [4] [5] [6] [7] [8] . Some of these FBG interrogation methodologies include bulk optic spectrometers (e.g., holographic gratings, prisms), tunable filters (e.g., acousto-optic, Fabry-Perot), edge filters, interferometric techniques, laser systems incorporating an active FBG, and the use of swept wavelength sources. Many of the commercial interrogation systems currently available use the swept wavelength source method, as it has a relatively high resolution, tuning range, and scanning speeds [8] . With respect to this paper it is important to note that a large focus of the development of interrogation systems has been to harness the multiplexing capability of FBGs, however not all potential sensing applications require this level of complexity.
The FBG interrogation scheme investigated in this paper uses a second wavelength-matched FBG in conjunction with the sensor FBG to monitor any wavelength shifts that are due to the measurand of interest (e.g., strain and temperature). This technique has origins in the work of Jackson et al. [9] and Davis and Kersey [10] who reported its use for reflection and transmission configurations, respectively. In this early work the second reference FBG was 0003-6935/10/244498-08$15.00/0 © 2010 Optical Society of America scanned over a range of wavelengths, using a piezoactuator, for example. Active feedback was used to determine when the wavelength of the reference grating matched that of the sensor grating. The main advantage of the matched FBG scheme is that it has a relatively simple configuration in comparison with many of the other techniques, therefore offering potential cost benefits. In addition, this method is robust (with no moving parts), compact, can be designed for low power consumption, and is lightweight, all of which are key design parameters for a portable device.
A simplification of the matched FBG sensing method, without the use of active feedback, has been reported by several authors [11] [12] [13] . An example of this configuration is shown in Fig. 1 . For this arrangement the spectra of the sensor and reference gratings were chosen so that they overlap (see Fig. 2 ). Changes in the wavelength of the sensor FBG that are due to applied strain, for example, alter the extent of overlap of the two gratings. This results in a change in the magnitude of the transmitted signal. With this scheme it is possible to use either of the FBGs shown in Fig. 1 (i.e., FBG 1 or FBG 2 ) as the sensing grating and the other as the reference grating. However, for the sake of consistency it will be assumed that FBG 1 is the sensor grating and FBG 2 is the reference grating in the remainder of this paper. Fluctuations in the intensity of the light source or transmitted signal can be compensated using an additional coupler and detector as shown in the diagram. Placing the reference FBG in close proximity to the sensor FBG also allows the possibility, for example, of temperature correction when using the system for strain measurements.
Here we present results of a detailed theoretical and experimental investigation of the transmission mode of the matched FBG interrogation scheme. The research presented herein extends the studies reported by Ribeiro et al. [14] in which theoretical models were developed and some limited experimental results were provided for the reflection mode of the matched FBG interrogation scheme. We provide analytical and numerical analyses of the system response for transmission mode interrogation, experimental analysis of the effect of FBG characteristics (including FWHM) on system response, experiments to investigate the response of the sensor FBG to both strain and compression, experiments to investigate compensation methods for intensity fluctuations, and use of the reference sensor to compensate for nonmeasurand induced changes in the sensor FBG (e.g., temperature). As discussed in [14] , the transmission mode has the advantage of a smaller power loss when compared with the reflection mode. The aim of this study is to provide design information relevant to optimizing the performance of a system for use in sensing applications.
Modeling a Matched Fiber Bragg Grating Interrogation Scheme
In the following we present two methods that can be used to analyze the characteristics of the matched FBG interrogation scheme. The first is an analytical model that is subsequently compared with a numerical model based on measured FBG spectra.
A. Model Assuming Gaussian Distribution for FBG Spectra
The approach to analytical modeling used in this work is similar to that described in the work of Ribeiro et al. [14] in which a Gaussian distribution spectrum is assumed for both the sensing and the reference FBG. In this case the normalized spectral distribution for the sensing FBG, P 1 ðλÞ, is given by
where A 1 is the maximum reflectance at λ 1 , which is the central wavelength of the FBG. The spectral width (FWHM) of the sensor FBG, Δλ 1 , is related to σ 1 by Fig. 1 . Schematic of a basic matched FBG interrogation arrangement with a reference detector. Fig. 2 . Diagram of the relative spectra of FBG 1 (here the sensor grating) and FBG 2 (here the reference grating). The spectra measured by the detector and the power measured are shown for three caseswhenthestrainappliedtoFBG 1 increasesfrom(a) to (b) and(c).
Likewise, the transmission spectrum of the reference FBG is given by
where subscript 2 is used to denote the aforementioned characteristics for the reference FBG. Assuming that a broadband light source is used, which effectively has a constant intensity over the wavelength range of interest, the total power measured by the detector of the matched FBG system is given by
where Figure 3 shows a plot of Eq. (4) as a function of the relative wavelength shift of the sensor FBG with respect to the reference FBG (i.e., λ Δ ) for cases in which the FWHM of both gratings is set to be equal. The maximum reflectivity of the two gratings has been assumed equal to 1 in this analysis, and the initial central wavelengths of the two gratings are assumed to be the same. Figure 3 shows that the detected power varies more slowly as a function of wavelength shift for gratings with a larger FWHM but can potentially allow measurements over a broader range of wavelength shifts. For sensing applications it is important to know the rate at which the measurement of interest changes due to variations in the measurand, known as the sensitivity. For this scheme the relative change in measured power as a function of wavelength mismatch between the sensor and the reference FBG is of interest. In this case the relative sensitivity S is
The sensitivity has been normalized relative to the measured power for ease of comparison. Substituting the expression for P d given by Eq. (4) into Eq. (5) gives
The relative sensitivity of the matched FBG method is shown in Fig. 4 . For the sake of simplicity and to allow easier comparison, data have only been plotted for positive wavelength shifts of the sensor FBG relative to the reference FBG. Negative wavelength shifts result in a mirror image with inverted sign. The data in Fig. 4 show when the FWHM of the two FBGs is assumed to be the same. Figure 4 shows that the wavelength difference between the sensor and the reference FBG at which the peak sensitivity occurs and the range of wavelength shifts for which the scheme is sensitive depends on the FWHM of the gratings used. Figure 5 illustrates how the FWHM of the gratings affects the relative wavelength difference between the sensor and the reference FBG at which the peak sensitivity occurs. An indication of the effect of the grating FWHM on the range of wavelength shift that can be measured is also shown in Fig. 5 for the case when the sensitivity is greater than 20% of the maximum sensitivity measured. Both parameters are useful when designing a sensing scheme for a particular application. Another point to note is that, when a single grating is used as the reference, the measured power does not go to zero when the two gratings have the same center wavelength, as shown in both Figs. 2 and 3. This is due to the approximately Gaussian profile of the FBG spectra. When purely positive or purely negative wavelength shifts between the two FBGs are of interest, an increase in the sensitivity can be achieved through the use of an additional FBG with the center wavelength slightly offset from the reference grating. The additional grating blocks the unwanted light at wavelengths not relevant to the application, e.g., the peak shown on the lower wavelength side in Fig. 2(a) . Consequently this arrangement reduces the detected power when the gratings are matched but has no effect on the power level for fully unmatched gratings. This increases the range of power measured and hence the overall sensitivity and also helps to prevent negative wavelength shifts being incorrectly interpreted as positive shifts and vice versa.
B. Numerical Analysis Using Measured FBG Spectra
The second method used to estimate the performance of the system involves the development of a software program that uses spectra with arbitrary profiles to simulate the spectra measured by the detector as a function of the wavelength mismatch of the two gratings. The power received at the detector was calculated numerically based on the left-hand side of Eq. (4). The spectra used in the program could be, for example, the theoretical response of a Bragg grating or spectra recorded for real gratings, including the sidelobes that often accompany the main Bragg peak. This approach assumes that the only change in the grating spectral profiles occurs as a shift in the wavelength scale.
Examples of the output response from the program are shown by the data points in Fig. 6 . The data in this figure were generated by use of spectra from Bragg gratings with a measured FWHM ranging from 0.31 to 0:54 nm (details of which are given later in Table 1 ). The wavelength difference between the two gratings has been converted to an equivalent applied strain assuming a sensitivity of 1:2 pm=με, which is typical for a Bragg grating operating in the 1550 nm wavelength region [15] . The theoretical response fitted using the analytical model [i.e., Eq. (4)] is also shown in the graph for comparison (lines). The theoretical fits were performed with the FWHM values as a free variable. The main difference between the analytical model and the numerical analysis is that the FWHM values obtained using the fitted analytical model were slightly narrower (on average 13% narrower) than the FWHM measured for the individual gratings. This is believed to be due to the smoothing effect of the convolution process [14] .
Experimental Arrangement
We used several variations of experimental arrangement for this study, depending on the parameters being investigated (as shown in Fig. 7) . A broadband light source (MPB Model EBS-7210, spectral width >75 nm at 3 dB of peak output, output power ∼5 mW) was used to illuminate the sensor grating by means of a three-port circulator (Nortel Networks, insertion losses <0:5 dB, isolation >65 dB). In each of the tests the spectra of the sensor grating transmitted via the reference grating were measured with an optical spectrum analyzer (OSA, Advantest Q8384, 0:01 nm resolution, normal sweep mode, eight averages). The magnitude of the transmitted power was obtained by integrating individual spectra.
The FBGs used were written in H 2 presensitized standard telecommunications fiber (9=125 μm corecladding diameter) using 244 nm radiation from a frequency-doubled argon-ion laser with the scanning phase mask technique. The center wavelengths of Fig. 5 . Effect of the FWHM of the gratings on the wavelength difference at which peak sensitivity occurs and on the range of wavelength differences for which the sensitivity is greater than 20% of the maximum sensitivity measured. Fig. 6 . Example of the numerical analysis of the matched Bragg grating sensing scheme using measured grating spectra together with fits produced using the analytical model. the gratings were in the 1550 nm region. Details of the gratings we used are provided in Table 1 . The FBG spectral characteristics were measured at room temperature with zero applied strain, using a swept wavelength system with 3 pm resolution (JDS Uniphase SWS15100). The number given in the grating ID relates to the pairing in which they were tested. For each grating pair the letters s and r denote the sensor and the reference grating, respectively. Strain calibrations were carried out by fixing one end of the sensor grating and attaching a known weight to the optical fiber on the other side of the grating [ Fig. 7(a) ]. Applied strain ε can be calculated using
where m is the applied mass, g is the gravitational constant (9:81 m=s), A is the cross-sectional area of the fiber, and Y is Young's modulus (approximately 72:5 GPa for fused silica [16] ). Aside from the tests specifically investigating temperature effects, all the calibrations were performed at room temperature. To account for any temperature drift, several cycles (typically five) of increasing strain levels were recorded during each test and the averages reported. The variation in power measured at individual strains over the five cycles was typically of the order of 3%; as the resultant error bars would be relatively minor, they have not been plotted. The arrangement used for compression measurements involved cutting the optical fiber close to the location of the sensor grating. This fiber end was then placed in contact with a piezotranslator (PI, Model P-820.10, 15 μm travel) that was used to apply a force to the tip of this fiber, with the fiber at the other end of the grating fixed [ Fig. 7(b) ]. By placing the piezotranslator on top of a high resolution mass balance the level of fiber compression can be calculated using a method similar to that in Eq. (7).
The effect of intensity fluctuations on the system measurements was assessed by introducing a 360°b end in the optical fiber at a location between the circulator and the sensor Bragg grating. Reductions in the diameter of this bend caused a controllable drop in the power of light transmitted to the sensor grating and also the light reflected by the grating back to the circulator. The arrangement used for this test incorporated a 1 × 2 coupler (E-TEK, 98:2% split ratio) connected to the output arm of the circulator [as shown in Fig. 7(e) ]. The 98% output port of the coupler was connected to an OSA and the 2% port was connected to an optical powermeter (Newport fiber optic detector with 818-IS-1 head). Although a 50∶50 split ratio would normally be preferred, the 98∶2 coupler provided an appropriate power balance between the dispersive OSA measurement and the integrated powermeter measurement.
A tube oven arrangement was used to illustrate how the collocation of the sensor and reference Bragg grating can compensate for temperature fluctuations when the system is used to measure strain. In this setup shown in Fig. 7(c) , the strain was applied to the sensor grating horizontally by fixing the fiber at one end and applying weights by means of a pulley system, with the fiber containing the sensor grating passing through the tube oven (Carbolite MTF 12/38/ 400). The level of strain applied to the fiber was again determined using Eq. (7). The detection arrangement comprised of coupler, OSA, and reference detector (ANDO AQ-2105 with AQ-2715 head) was again used in this test.
Experimental Results

A. Effect of FWHM of FBGs on System Performance
The effect of the spectral characteristics of the FBGs used with the system was investigated with five pairs of gratings with the FWHM ranging from 0.26 to 0:54 nm (as listed in Table 1 ). Both strain and compression calibrations were carried out as examples of how the system could be used in an optical fiber sensing application. Figure 8 gives examples of OSA spectra, recorded at several different applied strains, to show how the output spectrum of the detection system varies with applied strain. The spectrum shifts to longer wavelengths and the intensity increases as the applied strain increases, in keeping with the results in Section 2.
The results of strain calibrations for the different pairs of gratings tested are shown in Fig. 9 . The data have been fitted with the theoretical curves given by Eq. (4). The fitting parameters allowed any initial wavelength mismatch between the individual gratings used in a pair to be corrected for, and this has been taken into account in the data shown in Fig. 9 . As can be seen there is good correlation between the theoretical fits (from the analytical model) and the experimental data (all fits had r 2 > 0:99). The good match between theory and experimental data justifies the assumption that the grating spectral characteristics can be approximated by a Gaussian distribution in the theory, i.e., ignoring sidelobes and other secondary features.
The relative sensitivity of the results shown in Fig. 9 to changes in applied strain was estimated using the fitted curves and is shown in Fig. 10 . The fitted data were used as relatively small fluctuations in individual power measurements led to relatively noisy sensitivity graphs that made distinguishing individual pairs difficult. The results have been corrected for initial wavelength mismatches between the paired gratings and in general follow the trend predicted from theory (see Fig. 4 ). The theory [Eq. (6)] indicates that the absolute magnitude of the sensitivity depends on several of the grating parameters, including the magnitude of the reflectance of the reference grating (i.e., A 2 ). These factors, which have not been accounted for in Fig. 10 , are believed to be the source of the differences observed between the theory and the experimental data. Note that the magnitude of the sensitivity values compares favorably between Figs. 4 and 10, given the typical Bragg grating strain sensitivity of 1:2 pm=με [15] .
The strains at which the peak sensitivity occurs and the strain ranges over which the sensitivity is greater than 20% of the peak sensitivity for the experimentally determined data are shown in Fig. 11 . The increasing trend of both these values with increased FWHM follows the trend predicted by the theory (see Fig. 5 ). Figure 12 shows the change in measured signal for a compression calibration carried out with the matched FBG system. The length of compressed fiber used in this test was ∼10 mm. For a 125 μm diameter fiber of this length and the test configuration used, the critical buckling force is ∼180 mN [16] . The Fbg4 grating pair (FWHM ∼0:5 nm) was used. As expected the measured power increases as the compressive force increases. The initial small drop in power as the compressive force increases is due to a slight mismatch between the center wavelengths of the grating pair at zero force.
B. Compensation for Intensity Fluctuations
The integrated power measured by the OSA was normalized against the power measured by the second reference detector. Despite a reduction in the power measured by the reference detector of more than 97%, the power ratio was found to increase by less than 3%. This small variation in the power ratio is possibly caused by a wavelength [17] and/or Fig. 11 . Experimentally measured strain at which peak sensitivity occurs and the strain range over which the sensitivity is greater than 20% of the peak sensitivity for grating pairs with different FWHM. polarization [18] dependence of the bending process that was used to change the power level. Optical fiber couplers are known to exhibit wavelength and polarization dependent losses.
C. Temperature Compensation
Strain calibrations were carried out at three different temperatures (24°C, 45°C and 65°C) with the reference and sensor gratings collocated and also with the sensor grating at 45°C whereas the reference grating was at 24°C. The results are shown in Fig. 13 together with a fit to the collocated grating data [using Eq. (4)]. The upper panel shows the difference between the collocated data at different temperatures and the fit. The magnitude of the difference between the data and the fit has been converted to a maximum equivalent strain error using the maximum sensitivity from the fit. The variation in measurements obtained for collocated gratings at the different temperatures tested is relatively small, despite the 41°C range. The measurements taken when the two gratings were at different temperatures show the advantage of collocating the gratings with this scheme. Because of the relatively long time required to take the measurements at different temperatures (including time for the oven to stabilize), the data shown were corrected for light source intensity fluctuations using the second detector arrangement discussed in Subsection 4.B.
Conclusion
Analytical and numerical models have been developed for the transmission mode of the matched fiber Bragg grating interrogation scheme. The analytical model provides a satisfactory fit to experimental data, which validates the assumption of a Gaussian distribution. Results of strain and compression calibrations with the system confirm that the measurement range and values at which maximum measurement sensitivity occur can be controlled using the spectral parameters of the gratings used. The results also show that the addition of a second detector in the system arrangement can drastically reduce measurement variations that are due to extraneous intensity fluctuations. Finally, it has also been shown that the collocation of the reference and sensor gratings can be used with this scheme to compensate for temperature-induced changes when the system is used for strain measurements. The investigation of potential improvements in measurement sensitivity, achieved by removing unwanted transmitted light on the appropriate wavelength side of the grating peak, is an area for future investigation. Fig. 13 . Strain calibrations at various temperatures for collocated reference and sensor gratings. Also shown is an additional calibration when the sensor grating was at 45°C and the reference grating was at 24°C. The upper graph shows the deviations of the experimental data from the fit with the vertical units of maximum equivalent strain error. 
